In November 2002, it was reported an emergence of severe acute respiratory syndrome (SARS) as a highly contagious and fatal respiratory disease infecting more than 8000 individuals of which 9.6% patients died within a few months.[@bib1] Due to highly efficient international cooperation, two groups rapidly reported that a novel coronavirus (CoV) was the causative agent of SARS.[@bib2], [@bib3] CoV encodes a chymotrypsin-like protease (3CL^pro^) that plays a pivotal role in the replication of the virus.[@bib4] 3CL^pro^, a cysteine protease, is functionally analogous to the main picornavirus protease 3C^pro^ with a catalytic dyad (Cys-145 and His-41) in the active site. Cys acts as a nucleophile, whereas His functions as a general base.[@bib5], [@bib6] In order to find compounds that can inhibit SARS-CoV, numerous 3CL^pro^ inhibitors have been described, including *C* ~2~-symmetric diols,[@bib7] bifunctional aryl boronic acids,[@bib8] keto-glutamine analogs,[@bib9] isatin derivatives,[@bib10] α,β-unsaturated esters,[@bib11] anilide,[@bib12] benzotriazole[@bib13] as well as glutamic acid and glutamine peptides possessing a trifluoromethyl ketone group as reported by us and our collaborators since 2006[@bib14] and recently by another group.[@bib15] However, no effective therapy has been developed so far and it is still a matter of necessity to discover new potent structures in case the disease re-emerges.

In our previous report, two compounds ([Scheme 1](#sch1){ref-type="fig"} , **1a,b**) were found to be moderate SARS-CoV 3CL^pro^ inhibitors (*K* ~i ~= 116 and 134 μM, respectively).[@bib14a] As mentioned by Cai and co-workers in 2006, the moderate activity can be the result of the formation of a typical cyclic structure ([Scheme 1](#sch1){ref-type="fig"}, compounds **2a,b**) that is not expected to interact effectively with the active site of SARS-CoV 3CL^pro^.[@bib16] Scheme 1Previously reported trifluoromethyl ketone-containing peptides and their corresponding cyclic non-active counterparts.

Herein, we report our results on improving the inhibitory activity of these compounds, by focusing on two strategies. First, keeping the trifluoromethylketone moiety in place, we investigated chemical modifications on the side chain of Glu or Gln residue at the P1 position, in order to block the formation of the cyclic structure ([Scheme 1](#sch1){ref-type="fig"}) and modulate the hydrogen bonding ability of this P1 position toward the active site, as well as modifying the amino acid residues at the P2 and P3 positions. Second, we investigated a replacement of the chemical warhead of the inhibitor, that is, the trifluoromethyl unit, by other moieties such as electron-withdrawing thiazolyl and benzothiazolyl groups. We believe that this modification would be valuable for enhancing the reactivity of the covalent-adduct formation to the active site cysteine residue in SARS-CoV 3CL^pro^.

From a synthetic point of view, the preparation of the target compounds was envisioned following the synthetic routes illustrated in [Scheme 2](#sch2){ref-type="fig"}, [Scheme 3](#sch3){ref-type="fig"}, [Scheme 4](#sch4){ref-type="fig"} . Compounds **8a**--**e** were prepared from Cbz-[l]{.smallcaps}-Glu-OH (**3**) that was converted to the corresponding oxazolidinone acid **4** under the conditions described by Moore et al.[@bib17] Amides **5a**--**d** were next prepared by coupling compound **4** with four kinds of amines using a standard HOBt--EDC·HCl coupling method for peptides, resulting in excellent yields. Compounds **5a**--**d** were then converted in a one-pot reaction to the corresponding trifluoromethylalcohols **6a**--**d**, whose Cbz group was de-protected after silica gel column chromatography, and the amino function in the resultant compounds **7a**--**d** was coupled to the appropriate peptide fragments.[@bib14] The peptide fragments were synthesized according to known procedures.[@bib14], [@bib18] Finally, the resulting peptides were directly engaged in the last oxidation step affording pure target compounds **8a**--**e** with moderate overall yields after RP-HPLC purification by a CH~3~CN:(0.1% TFA/H~2~O) system.Scheme 2Reagents and conditions: (a) paraformaldehyde, *p*-TsOH·H~2~O, toluene, reflux, 2 h, 98%; (b) HNR^1^R^2^, HOBt, EDC·HCl, DMF, 0 °C--rt, overnight, 80--98%; (c) CsF, CF~3~Si(CH~3~)~3~, THF, sonication, rt, 3 h then MeOH, rt, 30 min then NaBH~4~, rt, overnight, 48--61%; (d) H~2~, Pd/C (10%), MeOH, rt, overnight, 100%; (e) Cbz-AA-OH, HOBt, EDC·HCl, DMF, 0 °C--rt, overnight; (f) Dess--Martin periodinane, CH~2~Cl~2~, rt, 16 h, EtOAc then filtration through Celite followed by HPLC purification.Scheme 3Reagents and conditions: (a) *N*,*O*-dimethylhydroxylamine hydrochloride, EDC·HCl, HOBt, TEA, DMF, rt, 12 h, 90%; (b) thiazole or benzothiazole, *n*-BuLi, −78 °C, 2.5 h, 70%; (c) formic acid, rt, 12 h, 100%; (d) HNR^1^R^2^, EDC·HCl, HOBt, DMF, rt, 12 h, 90%; (e) triflic acid, DCM, rt, 5 min, 100% (f) Cbz-AA-OH, HOBt, EDC·HCl, DMF, rt, 12 h followed by HPLC purification.Scheme 4Reagents and conditions: (a) LiOH, THF/H~2~O, 92%; (b) HN(OCH~3~)CH~3~, EDC·HCl, HOBt, DMF, rt, 12 h, 90%; (c) thiazole, *n*-BuLi, −78 °C, 2.5 h, 70%; (d) TFA/H~2~O, 4 h, \>99%; (e) Cbz-Val-Leu-OH, EDC·HCl, HOBt, DMF, rt, 12 h followed by HPLC purification.

Derivatives **14a**--**d** with a thiazole-ketone and **14e,f** with a benzothiazole-ketone structure at the P1 residue were prepared as shown in [Scheme 3](#sch3){ref-type="fig"}. Cbz-Glu(tBu)-OH **9** was converted to Weinreb amide **10** and successively coupled to thiazole or benzothiazole in the presence of *n*-BuLi as a base to afford ketones **11a,b**.[@bib19] After deprotection of the *tert*-butyl group by HCOOH, the resultant carboxyl group of compounds **12a,b** was coupled to the amines to obtain compounds **13a**--**c**, followed by coupling of the peptide fragments based on a similar approach depicted in [Scheme 2](#sch2){ref-type="fig"}. Compounds **14a**--**f** were obtained with moderate yields after HPLC purification.

Compound **21**, which has a pyrrolidone structure at the P1 side chain, was synthesized by a different approach as shown in [Scheme 4](#sch4){ref-type="fig"}. Lactam ester **16** was prepared from commercially available *N*-Boc-[l]{.smallcaps}-(+)-glutamic acid dimethyl ester **15** by following a previously published procedure.[@bib20] Lactam ester **16** was then hydrolyzed to obtain the lactam acid **17**, followed by the synthetic steps depicted in [Scheme 3](#sch3){ref-type="fig"} to get desired compound **21**.

Dithiazolyl compound **26** was synthesized starting from Cbz-Val-Leu-OH **22** ([Scheme 5](#sch5){ref-type="fig"} ) that was first converted to succinimide ester **23** followed by treatment with [l]{.smallcaps}-glutamic acid to obtain compound **24**. Dicarboxylate compound **24** was then converted to the corresponding α,γ-double-Weinreb amide (**25)**, followed by a treatment with 2 equiv of thiazole in the presence of *n*-BuLi to afford the desired N-Cbz-protected dithiazolylketone compound (**26**).Scheme 5Reagents and conditions: (a) *N*-hydroxysuccinimide, DCC, THF, 0 °C--rt, 12 h, 93%; (b) [l]{.smallcaps}-glutamic acid, NaOH solution (aq), dioxane, 4 h, 0 °C--rt, 90%; (c) HN(OCH~3~)CH~3~, EDC·HCl, HOBt, DMF, rt, 12 h, 90%; (d) thiazole, *n*-BuLi, −78 °C, 2.5 h followed by HPLC purification.

The inhibitory activities (*K* ~i~) of the first series of compounds against SARS-CoV 3CL^pro^ are shown in [Table 1](#tbl1){ref-type="table"} . The inhibition assay was performed using a procedure mentioned earlier.[@bib14a] In our previous report, compounds **1a,b** ([Scheme 1](#sch1){ref-type="fig"}) were found to be moderate SARS-CoV 3CL^pro^ inhibitors with *K* ~i~ values of 116 and 135 μM, respectively ([Table 1](#tbl1){ref-type="table"}, entries 1 and 2). These compounds were used as leads for structural optimization in the development of potent SARS-CoV 3CL^pro^ inhibitors.Table 1Structure and activity of the synthesized CF~3~-inhibitorsEntryCompoundStructure[a](#tblfn1){ref-type="table-fn"}*K*~i~[b](#tblfn2){ref-type="table-fn"} (μM)1**1a**![](fx2.gif)116 ± 142**1b**![](fx3.gif)135 ± 323**8a**![](fx4.gif)363 ± 1284**8b**![](fx5.gif)21.0 ± 4.35**8c**![](fx6.gif)34.1 ± 4.16**8d**![](fx7.gif)297 ± 497**8e**![](fx8.gif)584 ± 167[^2][^3]

Compound **8a** was our first attempt at modifying the P1 residue by converting the γ-carboxylic acid of compound **1a** to a *N*,*N*-diethylamide. However, compound **8a** exhibited lower inhibitory activity than lead compound **1a**. A plausible reason for the observed low activity could be attributed to a disruption of hydrogen bonding interactions at the P1 position with the active site of the enzyme, or an unfavorable steric hindrance to a covalent bond formation at the CF~3~-ketone moiety with the active site cysteine residue in the enzyme. On the other hand, replacements of P1 *N*,*N*-diethylamide in compound **8a** with *N*-morpholine- and *N*,*N*-methylbenzyl-amides increased the inhibitory activity ([Table 1](#tbl1){ref-type="table"}, entries 4 and 5). Indeed, the activity of compounds **8b** and **8c** with *K* ~i~ values of 21.0 and 34.1 μM, respectively, was fivefold higher affinity than reference compound **1a**. Next, to develop smaller sized inhibitors, we prepared CF~3~-ketone compounds **8d** and **8e** containing the same P1 structure as compound **8a** but different peptide chain lengths, because peptide chain length plays a significant role in the inhibition of enzymes by forming crucial hydrogen bonding interactions. However, the observed change in activity was negligible with either an increase or decrease of one residue in the peptide chain length (compare entries 3, 6 and 7).

In the commonly adopted mechanism of inhibition of SARS-CoV 3CL^pro^, a covalent bond is formed between the carbonyl group located at the warhead of the inhibitor and the active site cysteine residue in the enzyme. Modifying the electronegativity at this warhead carbonyl moiety could accelerate the covalent bond formation. Hence, as a second series of investigations, the trifluoromethylketone moiety was replaced with an electron withdrawing thiazolyl or benzothiazolyl counterpart.

As shown in [Table 2](#tbl2){ref-type="table"} , when compared to trifluoromethylketone containing compound **8b**, corresponding compound **14a** with thiazolylketone exhibited drastically decreased inhibition (*K* ~i ~= 478 μM; entry 2). However, a thiazolylketone derivative **14b** with *N*,*N*-diethylamide at the P1 side chain slightly increased inhibitory activity (*K* ~i ~= 112 μM; entry 3) over the CF~3~-ketone derivative **8a** with a more bulky *N*,*N*-diisopropylamide structure. Moreover, when the pyrrolidine structure was adapted to the P1 side chain, thiazolylketone derivative **21 (**entry 4) drastically increased inhibitory activity with a *K* ~i~ value of 2.2 μM. Slightly smaller and rigid cyclic amide structure seemed to be well accommodated by the S1 site. The introduction of a thiazolylketone to the P1 side chain resulted in a compound (entry 5) that exhibited decreased but relatively strong activity (*K* ~i ~= 45.2 μM) in comparison to pyrrolidine derivative **21**. Inhibitory activity was again decreased by reducing the peptide chain length of compound **14b** (compare entries 3, 6 and 7). A little improvement in inhibitory activity was observed when the warhead thiazole was replaced by a benzothiazole (compare entries 3, 7--9). Of the compounds synthesized, inhibitor **21** possessing P1-pyrrolidone and P1′-thiazole was found to be the most potent SARS-CoV 3CL^pro^ inhibitor.Table 2Structure and activity of the synthesized thiazolyl and benzothiazolyl inhibitorsEntryCompoundStructure[a](#tblfn3){ref-type="table-fn"}*K*~i~[b](#tblfn4){ref-type="table-fn"} (μM)1**8b**![](fx9.gif)21.0 ± 4.32**14a**![](fx10.gif)478 ± 1933**14b**![](fx11.gif)112 ± 344**21**![](fx12.gif)2.20 ± 0.85**26**![](fx13.gif)45.2 ± 7.86**14c**![](fx14.gif)462 ± 1457**14d**![](fx15.gif)614 ± 1398**14e**![](fx16.gif)49.3 ± 109**14f**![](fx17.gif)159 ± 25[^4][^5]

Our studies suggest that all the synthesized inhibitors are tight-binding substrate mimetics that target the active site of SARS-3CL^pro^.[@bib22] Similar to the trifluoromethyl ketone compounds, the thiazole and benzothiazole ketone compounds did not show an increase in inhibition after they were equilibrated with the protease for 10 min. Thus, the inhibition of the compounds to the protease was not time dependent indicating a reversible tight-binding interaction with the protease. Moreover, to better understand the potent activity of compound **21** with the enzyme, computational molecular studies were performed ([Fig. 1](#fig1){ref-type="fig"} ).Figure 1Molecular dynamics simulated pose of compound **21** (green stick) bound to SARS-CoV 3CL^pro^ (PDB 1WOF, with red and cyan ribbons with molecular surfaces). (a) Overlapped view with an original vinyl ester ligand (pink stick). (b) Contacted residues with hydrogen bonding interactions (dotted line).

A binding model of **21** with SARS-CoV 3CL^pro^ was simulated using a modeling package ([moe]{.smallcaps} *2007.09*, Chemical Computing Group, Inc., Montreal, Canada). The initial conformation of **21** was built by changing a structurally similar ligand ([Fig. 1](#fig1){ref-type="fig"}) obtained from X-ray crystal data (PDB ID, 1WOF, *K* ~i ~= 10.7 μM obtained from Ref. [@bib21]). Several energy minimization processes with an MMFF94x force field were additionally performed in a water soak environment around the inhibitor, followed by a molecular dynamics simulation. During the simulation, the moieties from P~1~ to P~3~ interacted in a similar manner as the original ligand except for the thiazolyl ketone and benzyloxycarbonyl moieties ([Fig. 1](#fig1){ref-type="fig"}a). The oxoanion of the ketone generated from an attack of Cys145, interacted with the amide backbone of Gly143, Ser144 and Cys145 ([Fig. 1](#fig1){ref-type="fig"}b). The nitrogen in the thiazole was also in contact with His41 through hydrogen bonding interactions. These interactions indicate an acceptance of the unique ketone. On the other hand, the benzyloxycarbonyl group barely made hydrophobic interactions, suggesting a possibility for further optimizations of the moiety.

In conclusion, we disclosed the inhibitory potency of compound **21**, containing a P1-pyrrolidone and warhead thiazolyl unit, as a SARS-CoV 3CL^pro^ inhibitor. The measured inhibitory activity coupled with possible structure modifications revealed by 3D docking give us new directions for a fast development of much more potent inhibitors. Further investigations on this new family of compounds are currently in progress in our laboratory.
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